The Ambient Networks concept targets forthcoming dynamic communication environments, characterized by the presence of a multitude of different wireless devices, radio access technologies, network operators and business actors, which can form instant inter-network agreements with each other. MultiRadio Resource Management (MRRM) mechanisms, coordinating several radio accesses, fulfill a key role for providing wireless services with improved resource efficiency, coverage and service quality. This paper presents an MRRM concept for Ambient Networks, describes the principal MRRM functions and discusses design criteria.
INTRODUCTION
In the future, a mixture of available heterogeneous radio access technologies (RATs) can be foreseen. In principle, this multi-radio access scenario opens the potential to provide access to any network in an "Always Best Connected" fashion [1] , possibly also utilizing several access techniques simultaneously, associated with competing network operators. The Ambient Networks (AN) project [2] aims at an innovative, industrially exploitable new network vision based on dynamic coordination and integration between networks to avoid adding to the growing patchwork of extensions to existing architectures. This will provide access to any AN, in some cases even without subscription, including public as well as private networks, through instant establishment of internetwork agreements and network compositions. These internetwork agreements can be the result of network collaboration and negotiation or even include extemal access brokers. The user-centric AN vision extends many of the traditional networking principles of today and has impact on both the system design, which is the focus of this paper, as well as the business models.
Research on how to combine different RATs within a single operator domain is published in [3] , [4] and [5] . More related work is conducted in a number of EU IST FP projects, e.g., BRAIN, MIND, DRiVE, WINE, ARROWS, MONASIDRE, and EVEREST. However, this research has considered only partial issues towards full network collaboration at the radio access level. In order for this dynamic concept to become a reality, a generic multi-radio access (MRA) architecture [6] has been outlined, which should not only be able to handle several RATs, but also provide for the aforementioned novel ambient networking principles. This paper proposes a consistent framework for access selection and resource allocation by joint The Ambient Networks' multi-radio concept, in single and multihop case. AN5 maintains a data flow to ANI dynamically shared over both RAI and RA2, and a second flow towards AN4 by means of a direct communication. AN4 and AN2 communicate by relaying through AN3. radio resource management across different RATs, and, networking support for more access providers and operators which enable new business relationships among involved actors, according to the AN paradigm.
The MRA architecture, [7] and [8] Fig. 2 , including the MRRM and the GLL and their position in the protocol stack. The GLL is a generic toolbox of link layer functions, which provides a unified interface to higher layers and facilitates efficient inter-working among multiple, possibly diverse, RAs. The proposed GLL, which is described further in [9] , enables two novel concepts. The first of these, named The GLL may be controlled by the MRRM, but the MRRM should be able to work independently of the GLL (for modularity reasons). For this, a standard interface needs to be specified between the MRRM and other functions in the MRA architecture, see [6] for more details on interfaces.
III. MRRM FUNCTIONS MRRM is a control plane functionality which operates at system, session and flow level. At the system level, MRRM performs, e.g., spectrum, load and congestion control across two or more RAs. At the session level, MRRM coordinates decisions on different associated flows, where MRRM operations can be triggered either by system level operations or directly by session/flow level events, e.g., session arrivals or mobility. At the flow level, MRRM establishes and maintains RAs that are possibly constituted of parallel multi-hop routes.
The MRRM works through the establishment and maintenance of different RA sets: * MRRMDetected Set (MRRMDS) is the set of all RAs that have been detected by the MRRM. * MRRM Candidate Set (MRRM CS) is the set of RAs that are candidates to be assigned by the MRRM to a given data flow; it is always a flow-specific subset of the MRRM DS. * MRRMActive Set (MRRMAS) is the set of RAs assigned by the MRRM to a given data flow at a given time, and is always a subset of the MRRM CS. * GLL Active Set (GLL AS) is the set of RAs assigned to a given GLL entity by the MRRM to serve a given data flow at a given time; it is always a subset of the MRRM AS. 
The RA Selection function is used to select the MRRM AS and the GLL AS for different flows, based on the MRRM CS of each flow. The first step of the RA Selection process is an RA evaluation wherein several parameters may be considered, including: signal quality and strength, end-user QoS , end-user costs, multi-operator network capacity, RA capabilities (also for multiple hops), user and provider preferences and policies, and operator revenues in single/multi-operator scenarios. The evaluation is then followed by an RA Admission decision, ensuring that already established QoS agreements are protected. If the admission fails, RA Admission may try to admit other selected RAs, or the whole RA Selection may need to be repeated (omitting the denied RAs). During RA Selection, the MRRM may also perform bearer selection, i.e., the MRRM should inform the GLL regarding the bearer information, i.e., the way the assigned RAs should be used, depicting the type of channel (e.g. shared versus dedicated) that has been assigned, and perhaps a maximum allowable rate. In the full cooperation case the users are assigned to the base station with the strongest path gain, regardless the user subscription. The As part of the overall resource management function, both soft-and hard Congestion Control are envisaged. The purpose of soft congestion control and Load Sharing is to detect upcoming congestion, where QoS agreements can no longer be honored, and take measures to prevent true congestion from occurring. In case soft congestion control fails to prevent true (hard) congestion, the hard congestion control function starts dropping flows/sessions in a controlled manner. In addition, soft congestion control can free up resources in support of a new session/flow request that the MRA system might wish to admit. It is noted that sometimes a congestion situation can be resolved within the own MRRM scope of a single AN. In such a case, the MRRM can take classical measures of existing radio systems to control its own radio resources by soft-and/or hard congestion control. In the AN world, however, where all nodes and terminals are AN aware and are able to negotiate in order to share their resources, a given AN node in or near congestion can communicate with neighboring nodes in order to jointly solve this congestion situation. Hence consideration of inter-AN measures, including inter-AN load sharing (directed handovers) or spectrum control (channel borrowing), will enhance the potential of preventing/resolving congestion. In this way, ANs can cooperate and help each other in congestion situations, or sell spare capacity, allowing a more efficient and flexible utilization of the available resources. This is a new AN capability, not yet present in current systems, which necessitates further research on charging and compensation schemes. Moreover, handover in an AN context could comprise change of RA, not only caused by mobility or other network related triggers such as congestion, but also due to that the user itself finds some more attractive access offer. This could cause "chuming effects" [10] , which affects the stability of the resource allocation.
Spectrum Control is the mechanism to coordinate and possibly (re)assign the frequency spectrum, within the same or different ANs, possibly across multiple RAs, e.g., to direct spectrum towards a RA that is most fit to handle the current traffic load and service mix. Such a dynamic mechanism may require allocation of bands with more liberalized frequency regulations which permit, e.g., secondary markets, lease of spectrum, change of use and non-exclusive frequency bands.
Access to more spectrum can be done in different ways, e. The role of a MRRM function should be defined during the negotiation process when ANs compose. In principle, an AN may consist of only one user terminal up to the case of a whole cellular network, which highlights the need for a general architecture. The MRRM roles can also be renegotiated dynamically at a later point in time, e.g., under the influence of changes in the extemal situation. One important aspect of the negotiation is to choose a strategy to follow (or a priority list of aspects to consider). Potentially, conflicting strategies may occur, e.g., optimizing power consumption, network capacity, sharing revenues among networks, etc. As an outcome, one MRRM entity may take a more dominant role (or master role), where MRRM Under the cooperative case the operators can establish business/trust relations and exchange MRRM data (user data, load status, etc.). Operators strive to agree on the roles that each of them is playing in the resource management. Note here that due to the high cooperation of all constituents of the composed networks, all the disadvantages mentioned in the previous section could be mitigated. This results in high capacity utilization of the overall composed network, better RA selection due to unbiased and complete input information and also conflict resolution when choosing a specific RA due to the possible different optimization criteria. Finally, the complete set of services from both operators is available in the coverage area where at least one of the operators can provide sufficient coverage.
V. CONCLUSIONS In this paper, a functional description has been given for the MRRM in ANs, supporting MRA and transmission over different administrative entities and multi-hop links. Hence, the design needs to be flexible and applicable to PANs and body area networks (BANs), as well as up to large public operator networks. This work extends previous approaches on multi-RAT systems by also considering cross-domain issues and negotiation of MRRM roles and features. In particular the architecture should support new types of access providers, e.g., access brokers and privately deployed networks. By negotiations, ANs should be able to compose and share resources more efficiently. Ongoing studies aim to verify the feasibility of the outlined MRRM concepts, as well as the potential gains in terms of capacity, coverage and service quality. In particular competitive MRRM contains many challenges, but also finding the best functional split of MRRM functionalities under different network configurations, using mobility triggers based on advertised network information, algorithm development and implementation issues and migration paths from existing technologies. 
